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Abstract 
Methane upgrading into energy-dense liquid derivatives (such as methanol or mid-range 
hydrocarbons) is a highly desirable process to increase its utilisation. The selective oxidation 
of methane using hydrogen peroxide has been investigated using unsupported gold-palladium 
nanoparticles prepared using colloidal methods. The effect of the reaction conditions and the 
catalyst parameters have been systematically investigated. Poly(vinyl)pyrrolidone (PVP) 
stabilised Au-Pd colloids produce methyl hydroperoxide as the primary reaction product, 
which is subsequently converted to methanol with high oxygenate selectivity.  The stability 
and re-use characteristics of the colloidal catalyst have also been assessed for methane 
oxidation with hydrogen peroxide. 
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Highlights 
 Au-Pd nanoparticles were synthesised using a colloidal method. 
 Au-Pd bimetallic colloids exhibit high activity for methane oxidation with hydrogen 
peroxide. 
 Transmission electron microscopy and X-ray photoelectron spectroscopy revealed alloyed 
nanoparticles having a narrow particle size distribution with a mean size of 2.8 nm. 
 The Au-Pd colloids showed an increase in amount of product generated with time-on-line 
and were found to be stable for re-use. 
  
1. Introduction 
 
Natural gas can be considered as a versatile fuel. It currently supplies 22% of the worldwide 
energy demand and its use is expected to grow faster than both oil and coal [1]. Methane, our 
most abundant hydrocarbon, is the primary component of natural gas and is also generated as 
a by-product of oil refining and chemical processing. Since methane has the potential to be a 
carbon source for the synthesis of commodity chemicals, its transformation to other products 
is of utmost importance and direct activation of methane has been identified as one of the grand 
challenges for chemists [2]. Current industrial utilisation of methane into value-added products 
is performed indirectly by producing synthesis gas that can be transformed to methanol or 
higher hydrocarbons via Fischer-Tropsch synthesis [3]. 
 
A single-step direct activation of methane, preferably under low reaction temperature 
conditions, could significantly reduce processing costs thus making liquid phase approaches 
viable. Several high temperature gas phase routes have also been investigated over the past but 
have been limited due to low methanol selectivity and total oxidation to CO2 [4–7]. In the liquid 
phase, homogeneous catalysts based on Pt, Pd, Os have been extensively studied and provide 
valuable information about the mechanism of methane oxidation and active site generation [8–
10]. However, these catalysts require harsh reaction conditions involving temperatures of at 
least 180 °C with strong oxidants such as oleum and tri-fluoroacetic acid [10]. These oxidants 
also helped in increasing methanol selectivity at high methane conversion by protecting the 
product as methyl bisulphate and methyl trifluoroacetate respectively but in turn required 
hydrolysis of the product to obtain methanol meaning that the catalytic cycle was not closed 
[10,11]. Monometallic Au and Pd catalysts have also been investigated for low temperature 
methane oxidation [10,12]. However, without the presence of strong oxidants the catalysts were 
not effective in activating methane to produce oxygenated products. Mild oxidation in aqueous 
conditions with homogeneous chloroauric acid led to precipitation of Au0 and deactivation of 
the catalyst [9]. Methane oxidation to methanol has also been attempted using Fe-based 
complexes utilising more benign oxidants such as hydrogen peroxide, which generates water 
as the by-product. Hammond et al. have previously reported use of Fe-ZSM-5 and Cu modified 
Fe-ZSM-5 for methane activation to methylhydroperoxide, methanol and formic acid in 
aqueous media at 50 °C [13,14]. 
 
Au-Pd catalysts prepared by sol immobilisation have been shown to be effective for primary 
C-H bond activation in toluene using O2 at elevated temperatures (~160 °C) [15]. Such Au-Pd 
nanoparticles have also been shown to be catalytically active for the oxidation of alcohols and 
the direct synthesis of H2O2  [16,17].The aforementioned reactions are considered to be linked 
by the presence of a hydroperoxy intermediate which can be formed by oxidants like H2O2 and 
tert-butyl hydroperoxide (TBHP) [8,13]. Since the formation of the hydroperoxy intermediates 
was also found in methane oxidation, Au-Pd alloy particles have also been tested for the 
methane oxidation reaction. TiO2 supported bimetallic Au-Pd nanoparticles were shown to be 
active for methane oxidation at 50 °C using H2O2 as the oxidant [18,19]. The synergistic effect 
of gold and palladium was found to not only increase the catalytic activity but also to improve 
selectivity and the efficiency of the reaction. Since supported bimetallic Au-Pd catalysts have 
been extensively studied for the direct synthesis of H2O2 [17,20], they were also employed for 
methane oxidation using H2O2 produced in an in-situ fashion by using a mixture of H2, O2, CH4 
and N2. A similar productivity but higher methanol selectivity was observed when using the 
in-situ generated H2O2. 
 
Recently, Agarwal et al. demonstrated the use of unsupported Au-Pd nanoparticles for methane 
oxidation to methanol [21]. Higher oxygenate productivity levels of 29.4 mol kgcat h
-1 were 
obtained when using unsupported poly(vinyl)pyrrolidone (PVP) polymer stabilised Au-Pd 
colloids in the presence of H2O2, as compared to 0.03 mol kgcat h
-1 for a conventional sol-
immobilised Au-Pd/TiO2 solid catalyst. Molecular O2 was also used as an oxidant, which 
resulted in an increase in oxygenate productivity to 53.6 mol kgcath
-1 and incorporation of O2 
was demonstrated in the liquid oxygenate products [21]. In the study reported here, systematic 
investigations are carried out to evaluate methane oxidation reactions using the unsupported 
Au-Pd colloid in the presence of H2O2 but in the absence of O2. Au-Pd nanoparticles were 
synthesised via a standard colloid preparation method using PVP as the stabiliser and NaBH4 
as the reductant [22]. The effect of reaction parameters (such as temperature, pressure, and 
stirring speed) on the catalytic activity has been evaluated. Investigations on the effect of 
varying the catalyst preparation parameters (such as metal concentration, chloride 
concentration and PVP molecular weights) have also been performed. Extended reactions were 
also carried out to study the evolution of the total product distribution and product selectivity 
in order to determine the reaction pathway. 
 
2. Experimental 
 2.1 Catalyst Preparation 
An aqueous solution of HAuCl4 precursor (Sigma Aldrich) and an acidic solution of PdCl2 
(Sigma Aldrich) precursor (in 0.5 M HCl) were prepared of the desired concentration in de-
ionised water. Poly(vinyl)pyrrolidone (PVP, average molecular weight 10,000 Da, Sigma 
Aldrich) was added as a stabilizer to give the required metal-to-PVP ratio (typically 1:1.2 by 
weight). After 2-3 min of stirring, a freshly prepared 0.1 M NaBH4 (Sigma Aldrich) solution 
was added such that the molar ratio of NaBH4-to-metal was 5 : 1. This produced a dark brown 
colloid that was the left stirring for 30 minutes to ensure all the metal precursor salts were 
reduced to metallic nanoparticles. At this stage, colloid preparation was complete, and the 
material was stored in glass media bottles prior to use. 
 
2.2 Catalyst Testing 
Methane oxidation was carried out in a 50 mL Teflon-lined stainless steel Parr autoclave 
reactor [13,21]. The reactor was charged with 10 mL of colloid and H2O2 (Sigma Aldrich, 50% 
wt in water). The charged autoclave was then sealed and purged three times with methane 
(99.999%, Air Products). It was then pressurized with methane (to 30 bar) and heated to 50 °C. 
Once the reactor had reached the set temperature, stirring at 1500 rpm was commenced. After 
30 min heating and stirring the reaction was stopped and the reactor vessel was cooled to below 
10 °C using an ice bath. The gas containing the reaction products was removed for analysis in 
a gas-sampling bag. 
 
2.3 Product Analysis  
The amount of H2O2 remaining at the end of each reaction was quantified by titrating a portion 
of the reaction mixture against acidified Ce(SO4) solution of known concentration using ferroin 
as indicator. The only gas phase product of the reactions was CO2, which was quantified by 
GC using a Varian 450-GC equipped with FID & TCD detectors, a methaniser and CP-SiL5CB 
column (50m, 0.33mm diameter, He carrier gas). 1H-NMR studies were carried out to quantify 
the amounts of liquid phase products (see SI Table S1) using a Bruker 500 MHz NMR equipped 
with a solvent suppression system to minimise the signal arising from the aqueous solvent (see 
SI Figure S1). An internal standard containing 1% TMS in CDCl3 (99.9% D) was placed in a 
sealed tube and used to quantify the amount of product after calibration against known 
standards. 
 2.4 Catalyst Characterisation 
 
2.4.1 UV-visible Spectroscopy 
UV-vis spectra were recorded on a Jasco V-570 UV/VIS/NIR spectrophotometer over a 
wavelength range of 200 – 700 nm using a data interval of 1 nm. Samples were placed in quartz 
cuvettes for analysis which was carried out at room temperature. 
2.4.2 X-ray Photoelectron Spectroscopy 
 A Kratos Axis Ultra DLS photoelectron spectrometer was used to collect XPS spectra using a 
monochromatic Al Kα X-ray radiation source operating at a power of 120 W. Colloidal samples 
were pipetted onto clean glass slides and the residual solvent removed by the pumping system 
of the fast entry airlock of the spectrometer. Data was collected with pass energies of 160 eV 
for survey spectra, and 40 eV for the high-resolution scans with step sizes of 1 and 0.1 eV 
respectively. All samples were analysed using a slot aperture and in hybrid spectroscopy mode, 
which utilizes both magnetic and electrostatic lenses; in this mode, the analysis area is a 700 
µm x 300 µm rectangle. For all samples, the Kratos immersion lens system was used for charge 
neutralization and the spectra subsequently referenced to the C(1s) line taken to be 285 eV. 
The sample also exhibited a peak at 99.4 eV which corresponded to the elemental Si(2p) peak 
arising from the SiO2 substrate. 
2.4.3 Electron Microscopy 
Materials for TEM analysis were prepared by dispersing the colloid onto a continuous carbon 
film supported on a 300-mesh copper TEM grid and allowing the solvent to evaporate 
Specimens were examined using the bright-field imaging mode in a JEOL 2000FX 
transmission electron microscope operating at 200 kV equipped with an Oxford Instruments 
X-ray energy dispersive (XEDS) spectrometer system. 
 
3. Results and Discussion 
 
3.1 Catalyst Characterisation 
The colloidal catalyst was characterised using a variety of techniques. UV-vis spectroscopy 
(Figure S2) was used to confirm the colloid formed was a Au-Pd alloy and not a physical 
mixture of Au and Pd nanoparticles. The broad plasmon band between 500-550 nm that is 
normally associated with Au nanoparticles was found to be absent in the bimetallic colloids 
indicating the formation of an alloy rather than gold and palladium nanoparticles [15,22]. The 
colloidal catalyst was also characterised by transmission electron microscopy to determine the 
particle size distribution of the nanoparticles (Figure 1A). Unsupported nanoparticles were 
found to have a narrow particle size distribution with a mean diameter of 2.8 nm. The colloidal 
Au-Pd prepared with PVP has been observed to primarily consist of multiply twinned 
icosahedral structures [21,23]. 
 
XPS was used to analyse the colloidal samples and is shown in Figure 1B.  XPS analysis 
showed both Au and Pd to be metallic in nature with the presence of minor PdCl2 components. 
The bimetallic Au-Pd colloid showed interactions between the Au and Pd since a negative shift 
in binding energies was observed when compared to the monometallic colloids (Figure S3). 
This shift is attributed to a charge transfer from Pd to Au and is known to increase the Au s-
state occupancy indicating alloy formation [24,25]. 
 
3.2 Catalytic Activity 
Previously, methane oxidation was carried out with aqueous Au-Pd colloids in the presence of 
molecular O2 and a small amount of H2O2 at 50 °C [21]. It was shown that molecular oxygen 
was acting as the oxidant, but reactions performed in the absence of H2O2 showed no generation 
of oxygenated products, confirming that H2O2 was necessary to initiate the reaction. Hence, 
reactions have been carried out with excess H2O2 (5 mmol) as the oxidant for different times 
to investigate temporal selectivity towards reaction products between 5-240 min. The evolution 
of the overall product distribution as a function of time, along with oxygenate selectivity 
towards different products, is shown in Figure 2. As the reaction proceeded, the total amount 
of reaction products generated also increased over time. A high selectivity towards methyl 
hydroperoxide was observed for short reaction times, but this gradually decreases with time-
on-line. The reaction was performed for 10 min with 1 mmol and this also showed a high 
selectivity to methyl hydroperoxide (Table S2 Entry 1). Methanol was also observed in this 
case which indicates that the primary product of the reaction is methyl hydroperoxide, which 
subsequently is converted to methanol over time. Methylhydroperoxide and methanol are 
subsequently oxidised to form formic acid, demonstrating that the reaction proceeds through 
the same series of intermediates which were observed in previous studies with Au-Pd colloids 
when using both H2O2 and O2 [21]. Scheme 1 shows the proposed reaction pathway and 
suggests the final over-oxidation product of all three liquid oxygenates to be CO2, the amount 
of which was observed to increase over time. Along with this, a decrease in oxygenate 
selectivity from 94% after 30 min to 61% after 240 min was observed due to the overoxidation. 
After 4 h, most of H2O2 was consumed and methyl hydroperoxide was found to have been 
transformed into methanol and formic acid. This is in line with the observations reported 
previously for supported AuPd catalysts  [26,27]. It is also interesting to note that the same 
intermediates have also been reported for CH4 oxidation reactions with H2O2 using Fe and Cu-
based zeolite catalyst systems which could suggest similar reaction pathways are in operation 
[13,18,28,29]. In a previous study by Chadwick and co-workers, formaldehyde was also 
observed as a product [29]. As shown in Figure S1, formaldehyde was not observed in our 
reactions; however since the signal for formaldehyde (methane diol, s, δ = 4.8 ppm) could be 
obscured by the broad water signal, its presence or absence of formaldehyde could not be 
confirmed in our study. 
 
Two consecutive reactions were carried out with the Au-Pd colloid over 10 min. intervals to 
evaluate the stability of the colloids over short reaction times (SI, Table S2). After an initial 10 
min of reaction, a sample was taken for analysis and the H2O2 was replenished to run a second 
reaction immediately afterwards. The results shown in SI, Table S2 demonstrate that double 
the total amount of products are produced after two sequential 10 min reactions, then after the 
first 10 min reaction alone indicating that the TOF and productivity of the colloids is 
maintained over multiple reaction cycles. 
 
Time-on-line analysis also included a reaction which was halted after 0 min (i.e. when the 
reactor had reached 50 °C) to determine if there was any product generation at lower 
temperatures during the reactor heat-up stage. As shown in Figure 2, 15 µmol of products were 
formed before a temperature 50 °C was even reached. This lack of induction period was also 
previously observed with PVP stabilized Au-Pd colloids where products were obtained at room 
temperature [21].  
 
Reactions were also carried out with H2O2 as the oxidant at various temperatures ranging from 
5 °C to 90 °C (Figure 3). A total of 4.5 µmol of products were obtained at 5 °C with high 
oxygenate selectivity of 87 % and only 0.6 µmol of CO2 produced. As the temperature was 
increased, the conversion of methane increased. However, the increase in the reaction 
temperature also caused a substantial decrease in the selectivity to the desired liquid 
oxygenated products from 87% to 40% at 90 °C. This is caused by the increased rate of over-
oxidation to CO2, which has been previously observed for CH4 oxidation reactions at higher 
temperature [27]. The activation energy for methane oxidation with H2O2 was calculated as 18 
kJ/mol. This activation energy value was lower than that for reactions carried out with 
unsupported Au-Pd-PVP colloids in presence of molecular O2 [21]. No residual H2O2 was 
detected after 30 min at temperatures above 70 °C which might be due to an increase in thermal 
degradation [30]. 
 
Further investigations were carried out by varying other reaction parameters. The effect of 
varying methane pressure and thus the amount of the dissolved reactant was studied at 50 °C 
with Au-Pd-PVP colloids in the presence of 1000 µmol H2O2. The solubility of methane was 
found to be 0.74 g(CH4)/kg(H2O) at 50 bar, which is higher than 0.3 g(CH4)/kg(H2O) at 30 bar 
[31,32]. Thus, a series of CH4 oxidation reactions were carried out where different pressures 
of CH4 between 10 and 50 bar were employed. The results of these reactions are shown in 
Figure 4. It was found that increasing CH4 pressure resulted in a very significant increase from 
9.8 to 35 µmol in the total amount of products formed. Oxygenate selectivity was also improved 
by roughly 11 % on increasing the CH4 pressure from 10 to 40 bar. At 5 bar total pressure, a 
high CO2 selectivity was observed which corresponded to an oxygenate selectivity of only 
30%. Conversely, at higher CH4 pressures, a high selectivity to primary oxygenates was 
observed with oxygenate selectivity reaching >90% at a pressure of 30 bar. The initial H2O2 
concentration employed was also varied systematically in order to probe its influence on 
methane oxidation activity. Compared to previous studies, a similar activity trend was observed 
on varying the H2O2 concentration (Figure 5) [21]. As the initial H2O2 concentration is 
increased, oxygenate selectivity remains high (>85%) while the percentage of H2O2 remaining 
decreases from 35 to 18% across the concentration range investigated. In agreement with 
previous studies, it was also found that higher initial concentrations of H2O2 resulted in an 
increase in the total amount of products formed [13,21]. Increasing the initial H2O2 
concentration from 500 to 5000 μmol yielded an increase of roughly 10 μmol in the total 
amount of products generated. Further increasing the H2O2 concentration beyond 5000 μmol 
did not result in any more products being generated. It was also found that increasing the initial 
H2O2 concentration reduced the efficiency of H2O2 usage. The ratio of H2O2 consumed-to-
products generated increased from 24 to 383 when the initial H2O2 concentration was increased 
from 500 μmol to 10,000 μmol. 
 
Figure 6 shows the results for CH4 oxidation reactions carried out with colloidal Au-Pd 
nanoparticles, where a range of different stirring speeds was employed. No significant change 
in the amount of products generated and no clear trend in oxygenate selectivity and activity 
was observed on varying the stirring speed. These results imply that the reaction is not mass 
transport limited. However, a significant increase in the H2O2 decomposition rate was observed 
upon increasing the stirring speed. Nearly 40% of the initial H2O2 remained after 30 min of 
reaction time when the stirring speed was set to 250 rpm, whereas only 10% remained at the 
end of the reaction when using a stirring speed of 1500 rpm. At stirring speeds of 1000 rpm, 
the highest total amount of products were observed. These optimised parameters were 
combined to achieve even higher total product amounts of 42 μmol and a higher TOF of 11.2 
h-1 (as compared to 4.2 h-1 when the reaction was performed under standard conditions) (SI, 
Table S3). A reaction was performed at 60 C with 40 bar CH4 pressure and a high selectivity 
(=81%) to oxygenated products was maintained. However, the oxidant usage was found to be 
less efficient under the optimised conditions in relation to the ratio of H2O2 consumed-to-
products generated, increasing from 36 to 110 when compared to a reaction carried out under 
standard conditions. The optimised reaction was carried out with 5000 mol of H2O2 which 
resulted in lower efficiency of H2O2 usage. These observations are in line with our previous 
study on the effect of H2O2 concentration on methane oxidation activity [21]. 
 
An investigation into effect of metal concentration was carried out by conducting reactions by 
diluting the colloid sample with water. Samples of a typical Au-Pd colloid ([metal] = 7.57×10-
4 M) were diluted to 3.79×10-4 M and 1.89×10-4 M and were used to carry out CH4 oxidation 
reactions. It was considered preferable to dilute a standard colloid rather than prepare new 
colloids with different metal concentrations in order to avoid any possible effects that altering 
the metal concentration during nanoparticle preparation might have on particle size or 
composition. The results are presented in Figure 7 and show that changing the metal 
concentration in the reactor has minimal effect on both H2O2 consumption and on the 
selectivity towards oxygenated products. The total amount of products produced, however, 
appears to increase linearly with metal concentration, which  might be due to removal of mass 
transfer limitations due to removal of support, which was also observed in CH4oxidation in the 
presence of O2 [21]. The reaction with a metal concentration of 1.89×10
-4 M produced 18 μmol 
of products, which increased to 23 μmol when the metal concentration was raised to 7.57×10-4 
M. Since the colloidal catalysts were prepared using metal chloride precursors, any change in 
metal concentration could also lead to a change in the Cl concentration, it was necessary to 
investigate the effect of Cl concentration on the activity of the colloids without modifying the 
metal concentration. With this aim in mind, reactions were carried out with a standard Au-Pd 
colloid having a metal concentration of 7.57×10-4 M where various amounts of NaCl were 
added to the reactor (Figure 8). The H2O2 consumption and selectivity to oxygenated products 
remained stable throughout the investigation. No clear trend was observed for the total amount 
of products generated as the sodium chloride concentration increased. Overall it is clear that 
increasing the Cl concentration in this system does not have a beneficial effect on the activity 
of the Au-Pd nanoparticles. From these results, it can be concluded that the increase in the 
amount of products generated upon increasing the metal concentration for this system was not 
the caused by the concurrent increase in Cl concentration. 
 
Another parameter that was studied was the effect of varying the amount of stabilising polymer 
employed. The Au-Pd colloid used in these reactions was prepared with PVP having a 
molecular weight (number average) of 10 kDa. Three colloids were prepared using the sol 
method employing the same metal concentration of 7.57×10-4 M, but using various molecular 
weights of PVP. Comparative methane oxidation experiments were then carried out using these 
colloids and H2O2 as the oxidant as shown in Figure 9. A slight increase in the amount of 
products generated was observed as molecular weight of the PVP used was increased. 
Increasing the PVP molecular weight from 3.5 to 40 kDa results in an increase of 10 μmol in 
the total products generated, but further increasing the PVP molecular weight from 40 to 360 
kDa only created an extra 2 μmol of products. Again, only a moderate improvement from 85 
to 98% was observed in oxygenate selectivity considering the PVP molecular weight was 
increased by two orders of magnitude from 3.5 kDa to 360 kDa. The measured H2O2 
consumption was unaffected by changing in PVP molecular weight from 10 to 360 kDa, 
although the 3.5 kDa PVP colloid consumed 20% less oxidant than the other colloid catalysts 
tested. Overall, these results indicate that varying the PVP molecular weight in the stabilising 
ligand only had a modest effect on the activity of the Au-Pd colloid catalyst. 
 
4. Conclusions 
Methane oxidation reactions have been carried out in the presence of H2O2 and colloidal Au-
Pd nanoparticles prepared using PVP as a stabilising ligand. These reactions were found to 
proceed via the same reaction pathway as for CH4 oxidation reactions catalysed by supported 
Au-Pd nanoparticles. In both systems, CH3OOH is produced as the primary product which 
undergoes subsequent transformation to form CH3OH and HCOOH before complete oxidation 
to CO2. Reactions were also carried out at different temperatures, demonstrating the efficacy 
of unsupported Au-Pd colloids at room temperature. An activation energy of 18 kJ/mol was 
calculated from analysis of the reaction kinetics. Further investigations were performed in order 
to optimise individual reaction parameters such as CH4 pressure, oxidant concentration and 
stirring speed. The CH4 oxidation reaction when carried out by combining the results of our 
optimisation study, resulted in a high productivity value of 74.4 mol kg-1cat h
-1. This 
demonstrates the high intrinsic activity of unsupported Au-Pd nanoparticles for this particular 
reaction. This productivity value also compares very favourably to methane monooxygenase 
(MMO) and Fe-Cu/ZSM-5 catalysts which have  productivities of 5.1 mol kg-1cat h
-1  and  16.5 
mol kg-1cat h
-1 respectively [13,14,33]. However, it should be noted that MMO utilises oxygen 
as the terminal oxidant and this remains the target for catalyst design as the current study uses 
H2O2 as an initiator to enable O2 to be utilised [21,34,35]. 
 
Studies carried out to monitor the effects of parameters associated with the preparation 
procedure found that increasing the metal concentration of the Au-Pd colloids employed 
resulted in an increase in the amount of products generated during a reaction. Changes in Cl 
concentration was found to have no significant effect on the catalytic activity. However, some 
increase in activity was observed on increasing the molecular weight of polymer PVP used in 
the stabilising ligand, but it was only a modest effect considering that the change in PVP 
molecular weight investigated was over two orders of magnitude. 
 
Overall, the colloidal Au-Pd nanoparticles, in the presence of H2O2 have been found to be 
effective catalysts for CH4 oxidation, and a better mechanistic understanding has been attained 
through systematic investigation of various parameters associated of the system. It has been 
shown that even though the Au-Pd nanoparticles display a high level of intrinsic activity for 
this reaction, further exploitation of unsupported nanoparticles as catalysts for industrial use 
will necessitate an investigation into the factors effecting colloid stability. 
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Figure 1 a) Representative BF-TEM image and particle size distribution and b) XPS analysis 
of the Au-Pd-PVP colloid. Plot (a) corresponds to Au(4f) and (b) corresponds to Pd(3d). Plot 
(b) also shows presence of Au(4d) signals. 
 
  
Figure 2. Time-on-line analysis of product distribution for methane oxidation using Au-Pd-
PVP colloids with H2O2. Test Conditions - 5000 µmol H2O2, 50 °C, total volume 10 ml, pCH4 
30 bar, 1500 rpm, 7.57 µmol metal per reaction. Colloid; PVP : metal = 1.2:1, Au : Pd = 1:1 
molar, [metal] = 7.57×10-4 M. 
 
  
 Scheme 1. Proposed reaction scheme based on temporal selectivity. 
 
Figure 3. Methane oxidation reactions carried out at various temperatures using Au-Pd-PVP 
colloids and H2O2. Test Conditions - 1000 µmol H2O2, total volume 10 ml, pCH4  30 bar, 0.5 h, 
1500 rpm, 7.57 µmol metal per reaction. Colloid; PVP : metal = 1.2:1, Au : Pd = 1:1 molar, 
[metal] = 7.57×10-4 M. 
  
Figure 4.  Methane oxidation reactions carried out using colloidal Au-Pd nanoparticles and 
H2O2 under various pressures of CH4. Test Conditions - 1000 µmol H2O2, 50 °C, total volume 
10 ml, 0.5 h, 1500 rpm, 7.57 µmol metal per reaction. Colloid; PVP : metal = 1.2:1, Au : Pd = 
1:1 molar, [metal] = 7.57×10-4 M. 
 
  
Figure 5. Methane oxidation reactions carried out using colloidal Au-Pd nanoparticles and 
various initial concentrations of H2O2. Test Conditions - 50 °C, total volume 10 ml, 30 bar, 0.5 
h, 1500 rpm, 7.57 µmol metal per reaction. Colloid; PVP : metal = 1.2:1, Au : Pd = 1:1 molar, 
[metal] = 7.57×10-4 M. 
 
  
Figure 6. Methane oxidation reactions carried out using colloidal Au-Pd nanoparticles and 
H2O2 where the system was subjected to various stirring speeds. Test Conditions - 1000 µmol 
H2O2, 50 °C, total volume 10 ml, 30 bar, 0.5 h, 7.57 µmol metal per reaction. Colloid; PVP : 
metal = 1.2:1, Au : Pd = 1:1 molar, [metal] = 7.57×10-4 M. 
 
  
Figure 7. Methane oxidation reactions carried out with H2O2 and colloidal Au-Pd nanoparticles 
with various metal concentrations. Test Conditions - 1000 µmol H2O2, 50 °C, total volume 10 
ml, pCH4 30 bar, 0.5 h, 7.57 µmol metal per reaction. Colloid; PVP : metal = 1.2:1, Au : Pd = 
1:1 molar. 
 
 
  
Figure 8. CH4 oxidation reactions carried out with H2O2 and colloidal Au-Pd nanoparticles 
with various amounts of NaCl added to the reactor. Test Conditions - 1000 µmol H2O2, 50 °C, 
total volume 10 ml, pCH4 30 bar, 0.5 h, 7.57 µmol metal per reaction. Colloid; PVP : metal = 
1.2:1, Au : Pd = 1:1 molar, [metal] = 7.57×10-4 M. 
 
  
Figure 9. Effect of PVP molecular weight on catalytic activity of colloidal Au-Pd nanoparticles 
for CH4 oxidation with H2O2. Test Conditions - 1000 µmol H2O2, 50 °C, total volume 10 ml, 
pCH4 30 bar, 0.5 h, 7.57 µmol metal per reaction. Colloid; PVP : metal = 1.2:1, Au : Pd = 1:1 
molar, [metal] = 7.57×10-4 M. 
 
 
  
